The contribution of microtubule tip dynamics to the assembly and function of plant microtubule arrays remains poorly understood. Here, we report that the Arabidopsis SPIRAL2 (SPR2) protein modulates the dynamics of the acentrosomal cortical microtubule plus and minus ends in an opposing manner. Live imaging of a functional SPR2-mRuby fusion protein revealed that SPR2 shows both microtubule plus-and minus-end tracking activity in addition to localization at microtubule intersections and along the lattice. Analysis of microtubule dynamics showed that cortical microtubule plus ends rarely undergo catastrophe in the spr2-2 knockout mutant compared to wild-type. In contrast, cortical microtubule minus ends in spr2-2 depolymerized at a much faster rate than in wild-type. Destabilization of the minus ends in spr2-2 caused a significant decrease in the lifetime of microtubule crossovers, which dramatically reduced the microtubule-severing frequency and inhibited light-induced microtubule array reorientation. Using in vitro reconstitution experiments combined with single-molecule imaging, we found that recombinant SPR2-GFP intrinsically localizes to microtubule minus ends, where it binds stably and inhibits their dynamics. Together, our data establish SPR2 as a new type of microtubule tip regulator that governs the length and lifetime of microtubules.
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In Brief
Fan et al. show that SPIRAL2 (SPR2) localizes at the acentrosomal cortical microtubule plus and minus ends and modulates their dynamics in an opposing manner, thus influencing the lifetime of microtubule crossovers and severing frequency. In vitro reconstitution experiments show that SPR2-GFP binds stably to minus ends and inhibits their dynamics.
The contribution of microtubule tip dynamics to the assembly and function of plant microtubule arrays remains poorly understood. Here, we report that the Arabidopsis SPIRAL2 (SPR2) protein modulates the dynamics of the acentrosomal cortical microtubule plus and minus ends in an opposing manner. Live imaging of a functional SPR2-mRuby fusion protein revealed that SPR2 shows both microtubule plus-and minus-end tracking activity in addition to localization at microtubule intersections and along the lattice. Analysis of microtubule dynamics showed that cortical microtubule plus ends rarely undergo catastrophe in the spr2-2 knockout mutant compared to wild-type. In contrast, cortical microtubule minus ends in spr2-2 depolymerized at a much faster rate than in wild-type. Destabilization of the minus ends in spr2-2 caused a significant decrease in the lifetime of microtubule crossovers, which dramatically reduced the microtubule-severing frequency and inhibited light-induced microtubule array reorientation. Using in vitro reconstitution experiments combined with single-molecule imaging, we found that recombinant SPR2-GFP intrinsically localizes to microtubule minus ends, where it binds stably and inhibits their dynamics. Together, our data establish SPR2 as a new type of microtubule tip regulator that governs the length and lifetime of microtubules.
RESULTS AND DISCUSSION

SPR2 Localizes to the Minus Ends of Cortical Microtubules
To investigate the localization and dynamics of SPR2 on cortical microtubules, SPR2 was fused to mRuby at its C terminus and expressed under the control of the native SPR2 promoter in the Arabidopsis thaliana spr2-2 mutant. We analyzed six independent transgenic lines, and we found that stable expression of SPR2-mRuby complemented the right-handed twisted growth phenotype of the spr2-2 mutant ( Figure S1A ). To determine whether the skewed cortical microtubule array phenotype is also rescued in the complemented plants, we introduced a GFP-TUB6 marker [1] in two independent complemented lines, and we quantified the microtubule orientation in individual hypocotyl epidermal cells from 4-day-old light-grown seedlings using the FibrilTool [2] . In wild-type plants, the average cortical microtubule orientation was approximately 90 degrees with respect to the long axis of cells, whereas it was significantly skewed in a left-handed direction in the spr2-2 mutant (Figure S1B), consistent with previous reports [3] . Importantly, cortical microtubule orientation was similar to wild-type in the SPR2-mRuby-expressing complemented lines ( Figure S1B ). Together, these data demonstrate that the SPR2-mRuby fusion protein is functional.
Live imaging using variable-angle epifluorescence microscopy [4] showed that SPR2-mRuby localizes to multiple regions on cortical microtubules. In agreement with previous reports [3, 5] , we detected SPR2-mRuby signal along the length of cortical microtubules as mobile particles of varying intensities, at microtubule crossover sites, and occasionally at the growing and shortening plus ends of cortical microtubules ( Figure 1A) . Unexpectedly, we also saw SPR2-mRuby signal at >99% (n = 153) of free minus ends of cortical microtubules. Plant microtubules are acentriolar, and the cortical microtubules are nucleated predominantly from the sides of preexisting microtubules in a branch-form configuration [6] [7] [8] [9] . Observation of 68 microtubule nucleation events showed that SPR2-mRuby signal consistently appeared at the minus end following release of the microtubule from its nucleation site ( Figure 1B ; Movie S1). In addition, SPR2-mRuby signal appeared 100% of the time (n = 84) at minus ends that were created by severing of microtubules at crossover sites ( Figure 1C ; Movie S2). In all cases, the SPR2-mRuby signal appeared as a dot that tracked the slowly depolymerizing minus ends. The minus-end localization of SPR2 is reminiscent of the metazoan CAMSAP/Patronin/Nezha family of minus-end-targeting proteins [10] . However, SPR2 is unrelated to this protein family and lacks their signature CKK domain, which mediates microtubule minus-end binding [11, 12] . In addition, while CAMSAPs and Patronin do not label depolymerizing microtubule minus ends [11] [12] [13] , SPR2 does so. Therefore, our data establish SPR2 as a new type of microtubule minus-end regulator in plants.
SPR2 Differentially Affects Cortical Microtubule Plusand Minus-End Dynamics
To investigate whether SPR2 affects the dynamics of cortical microtubule plus and minus ends, we introduced a GFP-TUB6; EB1b-mCherry dual marker [14] into the spr2-2 mutant, and we imaged cortical microtubules in hypocotyl epidermal cells of light-grown 4-day-old seedlings. In the wild-type background, the plus ends of cortical microtubules were highly dynamic and frequently switched between periods of growth and shortening, whereas the minus ends were more stable and alternated between slow and steady depolymerization and a pause state (Figures 2A and 2C ; Movie S3), as reported previously [15] . In striking contrast, the plus ends of cortical microtubules in the spr2-2 background were essentially stuck in growth phase, spending more than 96% of their time in the polymerization state, whereas the minus ends depolymerized about 20 times more rapidly than in wild-type (Figures 2B and 2C ; Movie S4). These data indicate that SPR2 differentially affects microtubule plus-and minus-end dynamics. In animals, CAMSAPs and Patronin stabilize free microtubule minus ends, and their depletion decreases microtubule density and increases microtubule plus-end growth rate due to an increase in the soluble tubulin pool [12, 16, 17] . While we cannot exclude the possibility that the increased plus-end growth rate and growth time in spr2-2 ( Figure 2C ) are, at least partially, an indirect effect due to elevated soluble tubulin levels, the plus-end localization of SPR2 argues in support of a direct effect. The enhanced growth-biased, plus-end dynamics might explain why the cortical microtubule density is not lower in spr2-2 (Figure S1B), although it is possible that other microtubule activities are also affected in the absence of SPR2.
Decreased Microtubule Crossover Lifetime Reduces the Frequency of Severing in the spr2-2 Mutant Microtubule severing at crossover sites has been shown to be critical for the formation of ordered cortical microtubule arrays [14, 18] . We found that the frequency of severing at microtubule crossover sites was significantly reduced in the spr2-2 mutant compared to wild-type ( Figure 2D) . Previously, the presence of SPR2 at microtubule crossover sites was proposed to inhibit severing at these sites in petioles [5] . However, in hypocotyl epidermal cells, we found that microtubule crossover sites labeled by SPR2-mRuby can be severed ( Figure S1C ), indicating that SPR2 regulates microtubule severing through a different mechanism in these cells. 
(legend continued on next page)
The probability of severing at microtubule crossover sites is a function of the lifetime of the crossover [14] . Comparison between wild-type and spr2-2 revealed a significant reduction in microtubule crossover lifetime in the spr2-2 mutant because rapid depolymerization of the microtubule minus ends worked to decrease the persistence of crossover sites in spr2-2. The average crossover lifetime in wild-type plants was 46 ± 21 s with a maximum of 105 s, whereas in the spr2-2 mutant the average crossover lifetime was 23 ± 11 s with a maximum of 48 s ( Figure 2E ). This disparity in crossover lifetimes correlated to a substantial difference in severing frequency between the two genotypes. While about 63% (158 of 251) of crossover sites were severed in wild-type plants, only about 13% (36 of 275) were severed in the spr2-2 mutant. These data indicate that altering the stability of microtubule minus ends is an effective mechanism to control the frequency of microtubule severing at crossover sites. Interestingly, we also found that new microtubule plus ends that were created by severing at crossover sites were 3-fold more likely to re-grow in the spr2-2 mutant compared to wild-type ( Figure 2F ), consistent with our finding that SPR2 destabilizes microtubule plus ends.
Severing of microtubules at crossover sites has been shown to be important for light-induced reorientation of the cortical microtubule array in dark-grown seedlings [18] . Since microtubulesevering frequency is decreased in the spr2-2 mutant, we hypothesized that light-induced microtubule array reorientation would be defective in this mutant. To test this hypothesis, we imaged GFP-TUB6-labeled cortical microtubules in hypocotyl epidermal cells of 2-day-old dark-grown seedlings. In these experiments, the blue laser used to excite GFP induces microtubule reorientation as part of the photomorphogenesis program. In wild-type seedlings, the initially transversely oriented cortical microtubules rapidly reoriented to the longitudinal direction, with 50% reorientation occurring in approximately 10 min and steady-state longitudinal orientation achieved in approximately 30 min ( Figures 2G and 2H ). In contrast, reorientation of the microtubule array occurred more gradually in the spr2-2 mutant, with 50% reorientation taking approximately 45 min and steadystate longitudinal orientation reached in approximately 70 min ( Figures 2G and 2H) . Therefore, the absence of SPR2 significantly impaired severing-dependent microtubule array reorientation.
SPR2 Autonomously Targets Microtubule Minus Ends and Inhibits Their Dynamics
To investigate the mechanism by which SPR2 targets and regulates the dynamics of microtubule ends, we used a functional reconstitution approach. Purified, recombinant SPR2-GFP protein ( Figure 3A ) bound to the lattice and minus ends of GMPCPP-stabilized microtubules assembled from rhodaminelabeled porcine tubulin in a punctate manner that resembled the in vivo localization of SPR2 ( Figure 3B ). SPR2-GFP particles moved bidirectionally on the microtubule lattice and were seen to fuse and split (Movie S5), similar to our in vivo data and previous reports [3] . Quantification of the GFP signal along the microtubule lattice showed that SPR2-GFP preferentially bound to the GMPCPP-stabilized seeds compared to the dynamic guanosine triphosphate (GTP)/guanosine diphosphate (GDP)-state polymer ( Figure 3C ).
Photobleaching analysis of SPR2-GFP particles bound to the cover glass revealed that the majority of them consist of two molecules ( Figures 3D and 3E ), suggesting that SPR2 forms dimers and possibly also multimers. Consistent with this observation, we found that SPR2 interacts with itself in yeast two-hybrid experiments ( Figure S2A ). Since the tobacco homolog of SPR2 has also been shown to self-interact [19] , this appears to be a conserved property for this family of proteins.
Notably, SPR2-GFP localized to microtubule minus ends, but not to plus ends, in vitro, similar to CAMSAPs [12, 13, 16] . We found that the intensity of microtubule minus-end labeling and the probability of signal at minus ends both increased in a SPR2-GFP concentration-dependent manner ( Figures 3F and  3G ). In the absence of SPR2-GFP, the microtubule plus and minus ends were highly dynamic ( Figure 3H ). However, the addition of SPR2-GFP specifically inhibited minus-end dynamics (Figures 3H and 3I ; Movie S5), thus resulting in microtubules that mimic the wild-type cortical microtubule behavior of highly dynamic plus ends and relatively inactive minus ends [15] . Photobleaching experiments revealed that the vast majority of the SPR2-GFP signal at the stabilized microtubule minus ends consisted of four molecules ( Figure 3J ), indicating that only a few SPR2 molecules, perhaps as two dimers, are sufficient to stabilize microtubule minus ends.
To analyze the effect of SPR2-GFP in more detail, we quantified the dynamics of microtubule plus and minus ends at increasing SPR2-GFP concentrations. Microtubules that had continuous SPR2-GFP signal at the minus end showed a dramatic decrease in the amount of time that minus ends spent growing or shrinking, which was essentially independent of SPR2-GFP concentration ( Figure 4A ). This effect was not observed for microtubules that lacked a detectable SPR2-GFP signal at their minus ends ( Figure S2B ). In addition, we observed events in which SPR2-GFP appeared after some time at the minus end of GMPCPP-stabilized seeds, which then ceased to be dynamic ( Figure 4B ), as well as events in which SPR2-GFP appeared to dissociate from the minus end of GMPCPPstabilized seeds, which was immediately followed by growth of that end ( Figure 4C ). Together, these data indicate that the presence of SPR2 at microtubule minus ends is both necessary and sufficient for their stabilization. The velocities of minus-end growth and shortening and the dynamics of plus ends were modestly lower at high SPR2-GFP concentrations, irrespective of whether SPR2-GFP was detectable at the minus end ( Figure 4A ; Figure S2B ), indicating that they are likely to be indirect effects, perhaps due to lattice binding of SPR2-GFP.
SPR2-GFP Molecules Bind Stably to Microtubule Minus Ends
In the above in vitro experiments, inclusion of SPR2-GFP in the polymerization mix prevented microtubule growth from the minus end of GMPCPP-stabilized microtubule seeds. Therefore, we were unable to examine whether SPR2-GFP labels depolymerizing microtubule minus ends in vitro similar to the in vivo behavior of SPR2-mRuby. To avoid this problem, we conducted in vitro experiments in which we first generated long microtubule polymers using 30 mM tubulin, and then we induced microtubule depolymerization by diluting the tubulin to 17 mM. Under these conditions, we saw that SPR2-GFP tracks the depolymerizing minus ends, but not the depolymerizing plus ends ( Figure 4D ; Movie S6). In addition, minus ends that had SPR2-GFP signal depolymerized at a significantly slower rate than minus ends that lacked SPR2-GFP signal (Figure 4E) . These findings show that SPR2 by itself is capable of distinguishing between depolymerizing microtubule plus and minus ends and reducing the minus-end depolymerization rate.
We used single-molecule imaging conditions to examine the kinetics of SPR2-GFP binding to microtubules in vitro. SPR2-GFP molecules that bound to the lattice diffused on the microtubule surface and dissociated with a time constant of 2.70 ± 0.08 s (Figures 4F and 4G) . In contrast, SPR2-GFP molecules that bound to the minus end rarely unbound during the observation period ( Figure 4F ), indicating that this interaction is very stable. Furthermore, SPR2-GFP molecules diffusing on the microtubule surface that arrived at the minus end frequently became immobilized and non-exchangeable ( Figure 4F ), supporting the proposal that SPR2 interacts strongly with the minus end. The stable binding of SPR2 to microtubule minus ends explains its potent minus-end stabilizing effect independent of the total concentration of SPR2-GFP in solution.
In conclusion, our work establishes the plant-specific SPR2 protein as a novel microtubule minus-end regulator that stabilizes the free minus ends of the acentrosomal cortical microtubules, similar to CAMSAPs/Patronin that stabilize the free minus ends of acentrosomal microtubules in mammalian epithelial cells and neurons [20] [21] [22] [23] [24] . However, unlike CAMSAPs, SPR2 labels depolymerizing microtubule minus ends and also localizes to and destabilizes microtubule plus ends, thus providing the first example of a microtubule tip-binding protein that differentially governs microtubule plus-and minus-end dynamics. Recently, the Arabidopsis NIMA-related kinase 6 (NEK6) was reported to localize to depolymerizing plus and minus ends of cortical microtubules [25] . However, unlike SPR2, NEK6 is thought to promote the disassembly of aberrant microtubules by phosphorylating b-tubulin [25] .
The structural determinants for microtubule tip and lattice localization of SPR2 remain to be identified. SPR2 contains five predicted HEAT repeats at the N terminus followed by an approximately 100-amino acid sequence that is rich in Serine and Lysine residues ( Figure 4H )-a domain architecture that is reminiscent of the XMAP215 and CLASP family of proteins [26] . Future work will determine whether the HEAT repeat region is involved in microtubule plus-and/or minus-end binding and whether the Ser/Lys-rich region promotes attachment to the microtubule lattice. SPR2 is also predicted to contain a coiledcoil domain that might mediate its self-interaction. In addition, since SPR2 on its own did not show microtubule plus-end tracking in vitro, this activity might involve interaction with other proteins, such as the plant EB1s. From a plant growth and development standpoint, the finding that microtubule severing at crossover junctions is greatly reduced in the spr2-2 mutant due to decreased crossover lifetimes raises the intriguing possibility that plants regulate the binding of SPR2 to microtubule minus ends to tune the extent of array organization and the rate of array reorientation in response to hormonal and external stimuli.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Arabidopsis thaliana
METHOD DETAILS Constructs
For live imaging of SPR2, the pSPR2::SPR2-mRuby construct was generated using 2 kb sequence upstream of the SPR2 start codon and the full-length SPR2 cDNA followed by the mRuby cDNA and a gentamicin resistance cassette. This construct was introduced into a pGAG plasmid for Agrobacterium-mediated floral dip transformation using multisite Gateway recombination. Transgenic plants were selected using 100mg/L gentamicin. Homozygous lines containing a single copy of the transgene were used in this study.
To image SPR2 dynamics on microtubules, we introduced a GFP-TUB6 marker into two independent spr2-2 complemented lines by Agrobacterium-mediated transformation and selected transformants using 100mg/L gentamicin and 50mg/L kanamycin. For recombinant expression of SPR2 proteins, commercially synthesized SPR2-GFP and SPR2 alone were introduced into the pGEXGateway vector and transformed into E. coli Rosetta (DE3) cells. For yeast two-hybrid experiments, pDEST22 SPR2 and pDEST32 SPR2 were first generated by CACCSPR2cdsF and NotI-SPR2cds-R primers, cloned into the pENTR/TEV/D-TOPO Gateway Entry vector, and then recombined into pDEST22 Gateway and pDEST32 Gateway vectors via LR clonase reaction.
Live imaging
All live imaging experiments were conducted using variable-angle epifluorescence microscopy. Unless otherwise stated, images were collected from epidermal cells in the apical hypocotyl region of four-day-old, light-grown seedlings. Seedlings were gently mounted in water between two layers of double-sided adhesive tape on a slide and covered with No. 1.5 glass coverslip. GFP was excited using 2-mW, 488-nm diode-pumped solid-state laser (Melles Griot). mCherry and mRuby were excited using 2-mW and 5mW 561-nm diode-pumped solid-state laser (Melles Griot), respectively. Images were collected by a 100X (NA 1.45) objective and a back-illuminated electron-multiplying CCD camera (ImageEM; Hamamatsu) at 2 s intervals.
For light-induced microtubule reorientation experiments, seedlings were germinated in the dark for two days at 23 C. The etiolated seedlings were then mounted in half-strength liquid MS media under green safelight and microtubules images were collected at 1-min intervals using GFP imaging settings described above.
Microtubule orientation analysis
Microtubule orientation was measured with respect to the long axis of individual hypocotyl epidermal cells using the FibrilTool plugin in ImageJ [2] . Data from different epidermal cells from at least five separate seedlings was used to calculate the average microtubule orientation for each genotype. In this study, the transverse microtubule orientation was considered to be 90 and the longitudinal microtubule orientation as 0 .
Protein purification Recombinant, GST-tagged SPR2-GFP and SPR2 proteins were purified using the PreScission expression system (GE Healthcare). GST-tagged proteins were first purified using Glutathione Sepharose beads and then treated with PreScission protease to remove the GST tag. The released proteins were desalted using PD-10 columns (GE Healthcare) and exchanged into BRB80 buffer (80 mM piperazine-1,4-bis(2-ethanesulfonic acid), 1mM MgCl 2 , and 1mM EGTA, pH 6.8) supplemented with 50mM NaCl. Purified SPR2 proteins tended to aggregate when freeze-thawed and hence were stored on ice and generally used within a week of purification. In vitro minus-end targeting reconstitution experiments In vitro dynamic microtubule assays were conducted in flow chambers prepared using glass slides and silanized coverslips attached with two pieces of double-sided sticky tape. The flow chambers were first coated with 20% monoclonal anti-Biotin antibody (SigmaAldrich) in BRB80 and then blocked by 5% Pluronic F-127 (Sigma-Aldrich) in BRB80 for 5 min each. GMPCPP-stabilized microtubule seeds were assembled using 50 mM porcine tubulin containing 1:12 biotin-labeled and 1:10 rhodamine-labeled porcine tubulins (Cytoskeleton) and polymerized in the presence of 1mM GMPCPP (Jena Bioscience) at 37 C for 30 min. The polymerized seeds were then fragmented by passing through a 100 mL Hamilton syringe five times. 300 nM GMPCPP stabilized-seeds were introduced into the flow chamber and allowed to bind to the anti-Biotin antibody for 10 min. Microtubule polymerization was initiated by flowing in 20 mM 1:25 rhodamine-labeled porcine tubulin in BRB80 buffer containing 1% methyl cellulose (4000 cP, Sigma-Aldrich), 50 mM DTT, 2 mM GTP and an oxygen-scavenging system consisting of 250 mg/ml glucose oxidase, 35 mg/ml catalase and 4.5 mg/ml glucose. Varying concentrations of SPR2-GFP were included in the polymerization mix to study the effect of SPR2-GFP on microtubule dynamics. GFP and rhodamine were excited using 5-mW 488-nm and 561-nm diode-pumped solid-state lasers, respectively. Images were collected by a 100X (NA 1.45) objective and a back-illuminated electron-multiplying CCD camera (ImageEM; Hamamatsu) at 2 s intervals.
To image SPR2-GFP at depolymerizing microtubule minus-ends, 300 nM GMPCPP-stabilized seeds labeled with 1:14 HiLyte 488 tubulin were used. Microtubule polymerization was initiated with a polymerization mix containing 30 mM 1:25 rhodamine-labeled porcine tubulin but lacking SPR2-GFP for 5 min. Then, a fresh polymerization mix containing 17 mM 1:25 rhodamine-labeled porcine tubulin and 500 nM SPR2-GFP was flowed in and images were collected at 500 ms intervals.
For single-molecule imaging, 1:10 SPR2-GFP:SPR2 at a final concentration of 150 nM was used. Images of SPR2-GFP were captured in streaming mode at 10 frames per second. Snapshots of the microtubules were taken at the beginning and end of the streaming acquisition. The dwell times of single molecules of SPR2-GFP were determined from kymographs of individual microtubules.
Photobleaching experiments
For photobleaching experiments, we conducted minus-end targeting reconstitution assays as described above with 25 nM SPR2-GFP. To promote photobleaching, GFP was excited using 20-mW 488-nm laser power and images were collected at 200-ms intervals. To determine the multimerization state of recombinant SPR2-GFP, the signal intensity over time of individual SPR2-GFP puncta bound nonspecifically to the glass coverslip was tracked using SlideBook 6 (Intelligent Imaging Innovations). To determine the number of SPR2-GFP molecules at microtubule minus-ends, we selected SPR2-GFP-labeled minus-ends that remained stable during the 3-min observation period and tracked their signal intensity over time. For SPR2-GFP puncta that contained more than 4 photobleach steps, we calculated the number of molecules by dividing the initial signal intensity of these puncta by the average intensity of a single GFP molecule (calculated from the photobleaching data of glass-bound SPR2-GFP molecules).
QUANTIFICATION AND STATISTICAL ANALYSIS
All experiments were repeated at least three times using independent plants and protein preparations. Blinding was not used in this study. Statistical significance of data was calculated using the Student's t test. No data points were excluded from plots and statistical calculations. To quantify the dynamics of microtubules in vivo and in vitro, kymographs of individual microtubules were generated using ImageJ/Fiji. Microtubule growth and shortening rates, and the duration of growth, shortening, and pause were calculated from these kymographs. A pause event was defined as no detectable change in microtubule length over two consecutive frames. Rescue frequency was calculated by dividing the sum of the number of transitions from shrinkage to growth by the time spent shrinking. Catastrophe frequency was calculated by dividing the sum of the number of transitions from growth to shrinkage by the time spent growing. Data plots and fitting were done using GraphPad Prism.
